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Structure and catalytic mechanism of 
exogenous fatty acid recycling by AasS,  
a versatile acyl-ACP synthetase
 

Haomin Huang    1,8, Chen Wang2,8, Shenghai Chang2,8, Tao Cui3,8, 
Yongchang Xu1, Man Huang1, Huimin Zhang4, Chun Zhou    5  , 
Xing Zhang    2,6   & Youjun Feng    1,7 

Fatty acids (FAs) are essential building blocks for all the domains of life, 
of which bacterial de novo synthesis, called type II FA synthesis (FAS II), is 
energetically expensive. The recycling of exogenous FAs (eFAs) partially 
relieves the FAS II demand and, therefore, compromises the efficacy of FAS 
II-directed antimicrobials. The versatile acyl-acyl carrier protein (ACP) 
synthetase, AasS, enables bacterial channeling of diverse eFA nutrients 
through holo-ACP, an activated form of ACP. However, the molecular 
mechanism for AasS catalysis is not fully understood. Here we report a series 
of cryo-electron microscopy structures of AasS from the bioluminescent 
bacterium Vibrio harveyi to provide insights into the catalytic cycle. 
AasS forms a ring-shaped hexamer, with each protomer folding into two 
distinct domains. Biochemical and structural analysis suggests that AasS 
accommodates distinct eFA substrates and the conserved W230 residue 
has a gating role. Adenosine triphosphate and Mg2+ binding converts 
the AasS hexamer to a tetramer, which is likely needed for the acyl 
adenylate intermediate formation. Afterward, AasS reverts to the hexamer 
conformation in adaption to acyl-ACP production. The complete landscape 
for eFA scavenging lays a foundation for exploiting the versatility of AasS in 
biopharmaceuticals.

Fatty acids (FAs) are vital elements required by all the domains of life, 
in that they contribute to cell membrane formation and provide pre-
cursors for vitamin synthesis1. In general, the pathways of FA synthesis 
(FAS) are carried out through two routes, facilitated by enzymes with 
varying architectures: (1) mammalian and fungal type I FAS (FAS I) and 
(2) plant plastid and bacterial type II FAS (FAS II)1,2. Unlike the FAS I 
system that is a single large, multifunctional polypeptide, the bacterial 
FAS II path relies on a series of discrete monofunctional enzymes2. The 
iterative FAS II cycle consists of four steps (condensation, reduction, 
dehydration and reduction), which lead to the elongation of FAs with 
two carbon units each round1,2. The arsenal of FAS II enzymes is essen-
tial for bacterial viability, suggesting the potential of FAS II-directed 

antibiotic discovery3–5. Central to the FAS II pathway, the acyl carrier 
protein (ACP) shuttles the growing fatty acyl cargos sequestered by 
diverse ACP-dependent enzymes through the interior hydrophobic 
sleeves6. These enzymes include but are not limited to (1) yeast FA syn-
thase7; (2) bacterial 3-hydroxyacyl-ACP dehydratase FabA8 and FabZ9 
plus FabX, a bifunctional dehydrogenase–isomerase enzyme10,11; and 
(3) certain enzymes of two fatty acyl cofactors lipoic acid and biotin 
(that is, the LipB octanoyltransferase of lipoic acid synthesis12 and two 
biotin synthetic enzymes P450 (BioI)13 plus the BioH pimeloyl-ACP 
demethylase14). The universal mechanism called ‘chain flipping’ ena-
bles the partition of 4′-phosphopantetheine (Ppan)-tethered fatty acyl 
chains from the hydrophobic ACP bundle into the other hydrophobic 
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homologs63–66. Therefore, the exact assignment of AasS and FAAL 
activities requires biochemical assays coupled with in silico search.

In the past 30 years since its discovery25–27, the AasS of V. harveyi 
has been genetically and enzymatically described52,62,67. It has been 
shown that AasS is able to activate a variety of FAs with ATP, forming 
fatty acyl-AMP (the first step of catalysis). The fatty acyl moiety is pre-
sumably transferred to the 4′-Ppan group of holo-ACP in the second 
step of catalysis52,62. However, the architecture and detailed catalysis 
mechanism for AasS remain largely elusive. Here, we report a series of 
cryo-electron microscopy (cryo-EM) structures composed of one apo 
form and eight structures of AasS in complex with its cofactors, sub-
strates, intermediates and/or final products. Our findings constitute 
mechanistic landscapes for eFA recycling by AasS.

Results
AasS forms a hexamer
Unlike the analog FadD, an acyl-CoA ligase (Supplementary Fig. 1), 
AasS of V. harveyi is a functional FAAL member that attaches a variety 
of FAs to ACP, giving acyl-ACP thioesters (Supplementary Figs. 1–3)52. 
In particular, the promiscuity of substrate selection enables AasS to 
be regarded as a potential tool enzyme of versatility62. Despite prior 
knowledge of AasS enzymology, its assembly, structure and molecular 
mechanism of action are poorly understood. Thermus thermophilus 
fatty acyl-CoA synthetase–ligase (ttFACS) is an archetype FACL49. In 
contrast, FadD10 of M. tuberculosis appears as a distinct form of FAAL 
(also called AasS)65. However, it seems likely that AasS is more related 
to ttFACS than FadD10 on the basis of sequence analysis65. Sequence 
alignment showed that AasS has 35.95% identity relative to ttFACS, 
much higher than that (22.07%) of FadD10 (Supplementary Fig. 2). 
To reveal the working mechanism of AasS, we carried out a series of 
studies with V. harveyi AasS.

To facilitate protein purification, we introduced a 6xHis-tag at 
the N terminus of AasS protein (Supplementary Fig. 4). In addition to 
long-chain FA species, such as oleate (Supplementary Figs. 5 and 6), we 
observed that the soluble AasS enzyme is active with the two atypical 
substrates, methyl-pimelic acid (M-pim or M-C7) and ethyl-pimelic 
acid (E-pim or E-C7), at the comparable level (Supplementary Fig. 7). 
Size-exclusion chromatography (SEC) analysis of the recombinant AasS 
protein (~60 kDa) revealed an apparent mass of ~380 kDa (Fig. 1a). This 
largely agreed with the calculated molecular weight (360–370 kDa) for 
AasS with analytical ultracentrifugation (AUC) (Fig. 1b). We showed that 
the solution structure of AasS hexamer is stable regardless of its varied 
concentration (Supplementary Fig. 8). On the contrary, Burgi et al. 
reported that yeast peroxisomal oxalyl-CoA synthetase exists in the 
dose-dependent conversion of oligomer (dimer–tetramer–hexamer)68. 
The hexameric AasS is also different from the dimeric FadD10 and 
ttFACS (Fig. 1a,b)49,65. The negatively stained sample forms a ring with 
a diameter of 15–20 nm (Fig. 1b). This verified an earlier observation 
that AasS forms higher-ordered aggregates25. Our gel filtration analysis 
revealed that its hexamer structure in solution remains unaltered even 
in the presence of 10 mM DTT (Supplementary Fig. 9), which stands 
in contrast to previous reports showing that the addition of 10 mM 

groove in the vicinity of the enzymatic catalysis center15. Blocking the 
FAS II pathway resensitizes mobile colistin resistance (mcr-1)-harboring 
Enterobacter to colistin, a ‘last-resort’ antibiotic16. Diverse bacterial 
species are capable of assimilating extracellular FA (eFA) from environ-
ments to build their membrane phospholipids and gain growth advan-
tages by circumventing the need to make FAs for lipid synthesis3,17. This 
poses the question of whether bacterial pathogens hijack host FAs to 
bypass metabolic essentiality of their FAS II pathways18, which in turn 
compromises the efficacy of FAS II-targeted inhibitors5,19.

So far, three eFA recycling mechanisms have been determined3,17,20. 
The first is the conversion of FA to acyl-CoA thioesters by Escherichia 
coli FadD, the paradigm acyl-CoA synthetase3,21. The second is the pro-
duction of acyl-ACP species by an acyl-ACP synthetase (AasS) that was 
initially detected in E. coli22–24 and the bioluminescent bacterium Vibrio 
harveyi25–27. The third is the formation of acyl-phosphates (acyl-P) by an 
FA kinase (Fak) system composed of two dissociable subunits28,29 (that 
is, FakA kinase30,31 and FakB, an FA-carrying partner31–34). In E. coli and 
its relatives, in addition to entry into the tricarboxylic acid cycle to pro-
duce adenosine triphosphate (ATP) molecules3, long-chain acyl-CoA 
begins phosphatidic acid synthesis through PlsB (glycerol-3-phosphate 
(G3P) acyltransferase) connected with PlsC (lysophosphatidic acid 
acyltransferase)35–37. In Gram-negative bacteria carrying the system 
of AasS combined with PlsX (phosphate:acyl-ACP acyltransferase) and 
PlsY (acyl-P dependent G3P acyltransferase), acyl-ACP thioester is an 
initiator for phosphatidic acid synthesis1,38. In contrast, Gram-positive 
microbes that harbor Fak and PlsX or PlsY machinery recruit acyl-P as 
a switcher28,39. The discovery of FakA coupled with distinct FakB iso-
forms (B1 to B5) extends our understanding of bacterial machineries 
for diverse eFA salvage28,30–33. The Fak system remodels the membrane 
phospholipids of Staphylococcus aureus40,41, which facilitates bacterial 
infections42,43 and promotes formation of antibiotic resistance44. Thus, 
it is plausible to design narrow-spectrum, pathogen-specific antibacte-
rial agents targeting eFA salvage and its subsequent use.

The AasS protein belongs to the superfamily of adenylate-forming 
enzymes and acyl-activating enzymes (AAEs). This AAE family is 
grouped into three major classes (I–III)45. Class I consists of (1) fire-
fly luciferase and oxidoreductase46–48; (2) acyl-CoA and aryl-CoA 
synthetase (formerly fatty acyl-CoA ligase, FACL)49–51; (3) AasS (also 
called fatty acyl-adenosine monophosphate (AMP) ligase, FAAL)22,27,52; 
and (4) nonribosomal peptide synthetase (NRPS) adenylation 
domains53–55. Class II is restricted to a panel of aminoacyl-transfer RNA 
synthetases56–59. Class III is composed of several NRPS-independent 
siderophore synthetases45,60. In general, AAE catalysis proceeds in a 
‘two-step’ reaction: a common first step of adenylation46,51 and a diverse 
second step of adenylate transfer61,62. During catalysis, the AAE group 
of enzymes undergoes substantial domain alternation and rearrange-
ment, characterized by an open adenylate-forming conformation and 
a closed thioester-producing conformation46,55. It is challenging to 
distinguish AasS and FAAL from FACL solely by sequence analyses63–65. 
This is evidenced by the situation that a previously proposed signature 
motif for FAAL (that is, an insert of ~20 aa) is a controversial indica-
tor for differentiating FAAL activities within 34 mycobacterial FadD 

Fig. 1 | Structural and functional definition of AasS hexamer. a, The SEC profile 
suggested that AasS behaves as a hexamer. A Superdex 200 increase column 
was applied here. The protein marker of gel filtration (GE HealthCare) was used 
to adjust this used column before separation of this recombinant AasS with an 
N-terminal 6xHis-tag, including (i) ferritin (440 kDa), (ii) aldolase (158 kDa) and 
(iii) BSA (~67 kDa). The N-terminal 6xHis-tagged version of AasS is predicted to 
be ~64 kDa. b, Use of AUC to determine the molecular mass of the recombinant 
AasS protein (~380 kDa). The inside graph denotes negative staining of AasS 
(0.02 mg ml−1) and displays its solution structure of hexamer form. The protein 
particles in hexamer form are indicated with red arrows. c, Ribbon structure of 
AasS hexamer. d, The surface representation of AasS hexamer is labeled from I 
to VI. AasS_N domains are colored beige and hot pink, while AasS_C domains are 

colored light green and purple. e, Ribbon representation of an AasS protomer 
and monomer. f, Surface representations for AasS dimer and trimer interfaces. 
Each molecule of the AasS trimer arises from two neighboring dimers. AasS is 
composed of AasS_N (AasS′_N) and AasS_C (AasS′_C). g, Close-up views of the 
AasS dimer (and/or trimer) interfaces. Green dashed lines indicate hydrogen 
bonds or salt bridges. h, Use of in vitro enzymatic analyses to analyze the AasS 
dimer and trimer interfaces. i, Scheme for functional assays of AasS action in the 
biotin auxotrophic strain ΔbioC. j, Bacterial growth on M9 minimal medium was 
observed with E-pim as the sole carbon source. Bacterial viability combined with 
mutational analysis suggested that dimer (and/or trimer) formation of AasS is 
critical for enzymatic activity. The agar plates refer to M9 minimal medium with 
E-pim as the sole carbon source. M, protein marker. WT, wild type.
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DTT renders the conversion of AasS from ordered oligomer to mono-
mer25. To address the question of the oligomeric state of AasS, we used 
cryo-EM to investigate its architecture (Fig. 1 and Extended Data Fig. 1).

Overall structure of AasS hexamer
In total, we obtained nine sets of AasS cryo-EM structures: AasS alone 
(apo) and eight complexes generated after incubation of the enzyme 
with its cofactors, substrates, intermediates and final products 
(Table 1 and Supplementary Figs. 10 and 11). In addition to its archi-
tecture (Extended Data Fig. 1), the relatively high resolution of the 
single-particle reconstructions (2.17–2.77 Å) enabled visualizing the 
bound ligands (substrates or products) and conformational changes 
of critical residues for AasS function (Table 1 and Supplementary 
Figs. 12–15). We determined the structure of the apo form at 2.68-Å 
resolution (Extended Data Fig. 1). The apo-AasS structure forms a 
ring-like hexamer with dimensions of approximately 140 × 150 × 80 Å3 
(Fig. 1c,d). Like other AAE members, each subunit of AasS hexamer 
exhibits a ‘hammer-and-anvil’ model, folding into two distinct domains: 
a large N-terminal domain (residues 1–424), called AasS_N, and a com-
pact lid domain at the C terminus (residues 431–533), termed AasS_C. 
The two domains are connected by a six-residue linker (Fig. 1e). The 
AasS_N domain consists of three β-sheets flanked by α-helices and 
adopts a pitcher-like shape, whose central place constitutes a putative 
substrate-binding cavity. The AasS_C domain contains two β-sheets 
(one two-stranded β-sheet (β20-β21) and one three-stranded β-sheet 
(β22-β23-β24)) surrounded by three α-helices (α16-α17-α18), hovering 
on the top of putative active sites within the AasS_N domain (Supple-
mentary Fig. 16). The structure of individual AasS protomer is similar 
to that of ttFACS with two separated domains (Supplementary Fig. 17). 

Structural comparison suggested that the apo-AasS_C domain displays 
an adenylate-forming conformation (Fig. 1e)69.

Earlier studies showed that the N-terminal domain leads to 
homodimerization for adenylation-executing enzymes (Supplemen-
tary Fig. 18). Thus, we designated the AasS hexamer as a trimer of 
dimers (Fig. 1c–f). The oligomerization of AasS is mainly driven by two 
unique interfaces, the dimer interface and the trimer interface, and 
both are formed by AasS_N/AasS′_N domains (Fig. 1d,f). The dimer inter-
face is formed by α7/α7′ helices and a few surrounding loops (Fig. 1g). 
At the top region, the residue R211/R211′ forms hydrogen bonds with 
the main groups of three residues (A207′/A207, N206′/N206 and G204′/
G204); in the middle part, four hydrophobic residues (L13/L13′, M197/
M197′, L194/L194′ and Y11/Y11′) pack together; at the bottom, the basic 
R190/R190′ electrostatically interacts with the acidic residue E166′/
E166. The trimer interface is mediated by two kinds of interactions, 
hydrophobic interactions (F181, Y104 and L103) in the middle and 
polar interactions formed by a number of residues (K396, N395, K393, 
E110, K183, D107 and D112) at the bottom (Fig. 1g). Next, we constructed 
four AasS mutants to address the roles of the dimer and trimer inter-
face residues (Supplementary Table 1). Amino acid substitution of 
interface residues impaired AasS oligomerization (Supplementary 
Fig. 19). All the AasS mutants failed to transfer E-pim substrate to the 
acceptor holo-ACP in our enzymatic assay (Fig. 1h). Given the fact that 
E-pim-ACP is a surrogate substrate for the late stage of biotin synthesis 
and that the E. coli ΔbioC strain is a biotin auxotroph whose primary 
biotin step is impaired, expression of active AasS presumably enables 
the ΔbioC strain to bypass the need of biotin cofactor upon exogenous 
E-pim as a carbon source (Fig. 1i). Thereafter, we performed the ΔbioC 
indicator-based bioassay for AasS activity as established by Lin and 

Table 1 | Cryo-EM data collection, refinement and validation statistics

Macromolecule AasS

Ligands None 
(PDB 8HZX)

AMP-PNP 
(PDB 8I3I)

ATP 
(PDB 8I49)

E-C7 
(PDB 8I22)

C18:1 
(PDB 8I35)

M-C7-AMP 
(PDB 8I51)

C18:1-AMP 
(PDB 8I6M)

M-C7-ACP 
(PDB 8I8D)

C18:1-ACP 
(PDB 8I8E)

Mg2+ − + − − − + + − −

Data collection and processing

Magnification 29,000 29,000 29,000 130,000 29,000 29,000 29,000 29,000 29,000

Voltage (kV) 300 300 300 300 300 300 300 300 300

Electron exposure (e− per Å2) 78 78 78 52 78 78 78 78 78

Defocus range (μm) −1.5 to −2.5 −1.5 to −2.5 −1.5 to −2.5 −0.6 to −1.5 −1.5 to −2.5 −1.5 to −2.5 −1.5 to −2.5 −1.5 to −2.5 −1.5 to −2.5

Pixel size (Å) 1.014 1.014 1.014 0.93 1.014 1.014 1.014 1.014 1.014

Symmetry imposed D3 D2 D3 D3 D3 D3 D3 D3 D3

Initial particle images 772,681 1,065,909 1,768,321 2,109,261 968,887 905,237 799,666 2,481,529 1,540,255

Final particle images 213,572 282,818 419,290 510,518 217,323 199,919 337,562 247,748 299,233

Map resolution (Å) 2.68 2.68 2.45 2.17 2.79 2.77 2.61 2.53 2.70

Refinement and validation

Root-mean-square deviation

Bond lengths (Å) 0.007 0.007 0.015 0.007 0.006 0.012 0.008 0.007 0.004

Bond angles (°) 1.081 1.137 1.635 1.036 1.136 1.332 1.138 1.187 0.641

MolProbity score 1.90 1.83 1.83 1.74 2.05 2.03 2.01 1.78 2.02

Clash score 8.72 6.77 7.48 8.41 10.48 9.96 9.71 7.90 9.89

Poor rotamers (%) 0.00 0.44 0.43 0.65 0.29 0.69 0.80 0.76 0.76

Ramachandran plot

Favored (%) 93.37 92.66 93.75 95.93 91.16 91.32 91.63 94.89 91.64

Allowed (%) 6.44 7.14 6.06 3.88 8.65 8.49 8.17 5.11 8.19

Disallowed (%) 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.00 0.17

The ‘+’ denotes the presence of Mg2+ and ‘−’ denotes its absence.

http://www.nature.com/nsmb
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Cronan (Fig. 1i,j)70. Indeed, the wild-type AasS did render viability of 
the biotin-requiring strain on the nonpermissive condition containing 
E-pim (Fig. 1j). Notably, none of the four AasS derivatives enabled the 
appearance of the biotin auxotroph on the biotin-lacking condition. 
Cryo-EM study-guided data constitute structural and functional proof 
for the AasS hexamer.

Recognition of AasS by ATP or AMP-PNP 
(adenylyl-imidodiphosphate) cofactor
To elucidate how AasS recognizes the ATP cofactor, we determined 
two complex structures. The AasS protein (~0.3 mM) was incubated 
with 1.5 mM ATP to give the ATP-liganded AasS complex. In the pres-
ence of 2 mM MgCl2, AasS (~0.35 mM) was mixed with AMP-PNP, the 
nonhydrolyzable ATP analog, producing the tripartite complex of 
AasS–AMP-PNP–Mg2+. The homogeneity of the negatively stained 
samples was observed by EM (Extended Data Fig. 2a) and then the sam-
ples were vitrified with liquid ethane. Before the freezing procedure 
(Supplementary Fig. 10), both samples were subjected to treatment 
with 2 mM Fos-choline 8. Reconstruction from the cryo-EM dataset 
of AasS liganded with AMP-PNP analog (Fig. 2a,c and Extended Data 
Fig. 3) showed continuous density for the bound AMP-PNP cofactor 
(Fig. 2c,e and Supplementary Figs. 14 and 15). In brief, the adenine base 
of AMP-PNP inserts into a hydrophobic pocket formed by a number 
of residues such as Y318 and A298 (Fig. 2c–e). Additionally, its amino 
group forms a hydrogen bond with the G317 main chain carbonyl oxy-
gen (Fig. 2e). The pentose sugar hydroxyl group of AMP-PNP forms 
a hydrogen bond with the AasS D411 residue and the α-phosphate is 
stabilized by the two residues of the AasS_N domain (S321 and H226) 
and K522 from the AasS_C domain (Fig. 2c–e). The β-phosphate of the 
AMP-PNP ligand is coordinated by the two sites (R426 and T178) and the 
γ-phosphate interacts with the side chains of the three residues, T178, 
T175 and K183 (Fig. 2e). In addition, a Mg2+ ion is positioned between the 
β-phosphate and γ-phosphate groups, which facilitates neutralizing 
the negative charges. From the cryo-EM data for AasS-liganded with 
ATP, we note that the Mg2+ ion was omitted during sample prepara-
tion to prevent ATP hydrolysis. In agreement with the result from the 
negatively stained sample without MgCl2 (Extended Data Fig. 2), the 
cryo-EM structure of ATP-liganded AasS remains a hexamer ring (Sup-
plementary Fig. 12). The cryo-EM densities for the phosphate groups 
are visible but not continuous (Fig. 2d,f and Supplementary Figs. 14 
and 15). Accordingly, in the AasS–ATP structure, the conformation of 
the P-loop, which is involved in coordinating ATP phosphate groups 
along with the Mg2+ ion, is similar to the apo structure. This is generally 
consistent with the proposal of Andreini et al. that the Mg2+ ion binds to 
ATP71. Thus, it seemed likely that the Mg2+ ion is required for the P-loop 
to adopt a similar conformation to that seen in the AasS–AMP-PNP–Mg2+ 
complex structure (Extended Data Figs. 4 and 5).

To probe the function of ATP and AMP-PNP recognition residues, 
we created four AasS single mutants (T178A, K183A, Y318A and E322A) 
(Supplementary Table 1). Except for the AasS(K183A) mutant that 
retained some poor activity, none of the remaining three derivatives 
(T178A, Y318A and E322A) was active in using E-pim in vitro (Fig. 2g). 
Subsequently, we analyzed the varied abilities of AasS mutants in vivo 
(Figs. 1i and 4e). The K183A mutant of AasS only conferred mild growth 

of the ΔbioC strain in biotin-deficient M9 medium. The T178A mutant 
seemed next to the K183A mutant in allowing the growth of the ΔbioC 
indicator strain (Fig. 2h,i). Moreover, a single substitution of either 
Y318 or E322 markedly abolished enzymatic activity of AasS in vivo 
(Fig. 2h,i). Notably, all the plasmid-borne aasS derivatives were verified 
by western blot to express at a comparable level (Fig. 2i). This ruled 
out the possibility that the loss of AasS function was attributed to its 
altered expression. Therefore, our results illustrate a functional pocket 
through which AasS recognizes its ATP or AMP-PNP ligand (Extended 
Data Fig. 6a–d).

The AasS tetramer is a catalysis intermediate
The negative-staining EM analysis revealed a number of hexamer par-
ticles formed by AasS protein (0.02 mg ml−1) regardless of whether 
its cofactors ATP (or its non-metabolizable substance AMP-PNP) and 
MgCl2 were present (Extended Data Fig. 2a). Coexistence of MgCl2 and 
ATP or its AMP-PNP analog triggered the emergence of AasS tetrameric 
particles along with its ancestral hexamer (Extended Data Fig. 2a,b). 
In fact, the concentration of Mg2+ supplemented in our assays in vitro 
was comparable to the cytosolic level at 2 mM in E. coli72. From hun-
dreds of micrographs collected from negatively stained EM samples, 
two-dimensional (2D) classification suggested the occurrence of a 
substantial number of tetrameric AasS particles. The relative ratio of 
tetramer to hexamer was around 1.5:1 (Extended Data Fig. 2c). There-
fore, it raised the possibility that ATP (or its analog AMP-PNP) and Mg2+ 
trigger the conversion of the AasS tetramer from its stable hexamer 
state regardless of acyl substrates. A similar scenario was seen with a 
DNA-unwinding enzyme called HerA73. The HerA enzyme dominates as 
a heptamer, which is converted to a hexamer upon binding to ATP and 
its analog AMP-PNP73. Next, we collected two cryo-EM datasets for AasS 
with ATP alone or MgCl2 and AMP-PNP (Table 1). Indeed, the complex 
of AasS with MgCl2 and AMP-PNP adopted a tetramer arrangement 
(Extended Data Fig. 3). The overall architecture could be regarded as a 
dimer of dimers with dimensions of about 110 × 110 × 80 Å3 (Fig. 3a,b). 
Unlike the C-terminal domain of ttFACS that undergoes a certain confor-
mational transition from an open state to a closed state upon AMP-PNP 
binding (Extended Data Fig. 4a–d), the AasS_C domain remains in 
the open conformation even in the presence of AMP-PNP (Extended 
Data Fig. 4e–h). This is partially attributed to direct contact between 
AMP-PNP and ttFACS, whereas this is not the case in AasS (Extended 
Data Fig. 5a–d). As for the tetrameric intermediate, the first dimer 
interface (Fig. 3c,d) is identical to that of the apo-AasS dimer (Fig. 1f,g). 
The second dimer interface of the AasS tetramer involves a group of 
similar residues (K393, E110 and N395; Fig. 3e,f) to the aforementioned 
trimer interface of the AasS hexamer but the specific arrangement is 
quite different (Fig. 1f,g). In addition, K399/K399′ interacts with D64′/
D64 electrostatically in the AasS tetramer (Fig. 3f).

To determine the mechanism of AasS transition from hexamer to 
tetramer, we investigated its monomeric structure liganded by MgCl2 
and AMP-PNP, which was superimposed on the trimer interface of the 
hexamer form (Fig. 3g). We discovered two residues (F181 and K183) 
with substantial movement, which was because of the co-occurrence 
of MgCl2 and AMP-PNP (Fig. 3g). In the AasS hexamer, the residue 
K183 interacts with the D107′ residue from the other AasS molecule. 

Fig. 2 | Structure–function analyses for the interplay between AasS and ATP or 
AMP-PNP. a, Chemical structure of AMP-PNP analog. b, Structural illustration for 
ATP molecule. c, Surface representation of the substrate cavity of AasS bound to 
AMP-PNP, a nonhydrolyzable ATP analog. d, Cut-away view of the ligand cavity of 
AasS with ATP bound. e, Close-up view of key residues interacting with AMP-PNP. 
The sites coordinating AMP-PNP are displayed as sticks, while yellow dashed 
lines denote hydrogen bonds or salt bridges. f, Structural snapshot for potential 
ATP-coordinating residues. The putative sites coordinating ATP are displayed 
as sticks, while yellow dashed lines denote hydrogen bonds. The presence of 
MgCl2 (green sphere) is given as ‘w/ MgCl2’ (c,e), whereas its absence is shown as 

‘w/o MgCl2’ (d,f). g, Comparison of enzymatic activities of the four AasS mutants 
(T178A, K183A, Y318A and E322A). h, The abilities of the four AasS mutants 
(T178A, K183A, Y318A and E322A) differ in allowing the growth of ΔbioC on M9 
minimal agar plates with E-pim as the sole carbon source. i, Growth curves of the 
biotin auxotrophic strain ΔbioC carrying certain AasS mutants in M9 minimal 
medium with E-pim as the sole carbon source. The growth curve is given as the 
mean values ± s.d. from three independent experiments. The inside gel denotes 
western blot-based analysis of the expression of the four AasS mutants in the 
ΔbioC recipient strain before the functional assays.
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However, in the AasS tetramer, the residue K183 rotates by 180° and 
interacts with the γ-phosphate of the nonhydrolyzable ATP analog 
AMP-PNP (Extended Data Fig. 5a–h). In contrast, no similar scenario 
was seen with the ttFACS dimer (Extended Data Fig. 5b). This might 
explain why the ATP analog, AMP-PNP, stimulates the formation of 
AasS tetramer in the presence of MgCl2. Then, we created several AasS 
tetramer-related mutants (Supplementary Table 1). Among them, the 
two derivatives of AasS (K183A and D107A;K183A) migrated slower in 

gel filtration analysis when compared to the parental type (Fig. 3h). This 
indicated that they were necessary for conformational maintenance 
of the tetramer or hexamer.

Loading of FAs by AasS
To address how FAs are loaded by the AasS hexamer, we prepared 
enzyme complexes liganded with E-pim or C18:1 for cryo-EM inves-
tigation (Supplementary Fig. 10d,e). As a result, cryo-EM structures 
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were refined to 2.17 Å for AasS–E-pim and 2.79 Å for AasS–C18:1 (Table 1 
and Supplementary Figs. 11c–f and 12d, e). The two complexes also 
form a ring-shaped hexamer and each subunit carries a molecule of 
E-pim or C18:1 (Extended Data Fig. 6e–h). In the complex structures, the 

FA-binding pockets mainly locate within the AasS_N domain (Extended 
Data Fig. 6). Several hydrophobic residues (for example, W230 and 
V227) inside the substrate cavity efficiently prevent the exposure of 
ACP-linked acyl chains to solvents during AasS catalysis (Fig. 4a–d 

a c e

Close-up viewfRibbon structure/tetramer (a dimer of dimers)b

Surface structure/tetramer (a dimer of dimers)

Close-up viewd

K393’

N395’

K399’

E110

K393

N395

K399
A207’

N206’

T205’

Q214 G204’

R211’
R211

A207

N206

T205

G204

M197 M197’

L357’

Y11

E166

R190 R190’

E166’

Y11’

L357

Q214’

I II

IIIIV

I II

IIIIV

AasS’_N

AasS’_C

AasS_N

AasS_C

The first dimer interface

AasS’_C

AasS’_N AasS_N

AasS_C

The second dimer interface

S21 S21’

D64

110 Å

11
0 
Å

E110’

D64’

g

AMP-PNPa

AMP-PNPb

Mg2+ b

Mg2+ a
K183a

K183

F181a
F181

D107’

F181’

Y104 Y104’

K183’

F181b

K183b
D107

h

O
D

28
0 

(m
AU

)

Elution volume (ml)

AasS

AasS(D107A;K183A)

AasS(D107A)

0

40

80

120

160

0 4 8 12 16 20 24

Hexamer (11.77 ml)

kDa W
T D10

7A
K18

3A
D10

7A
;K18

3A

M

70
55

130

AasS(K183A)

~6
0 

kD
a

Dimer (13.35 ml)

2 6 10 14 18 22 26

440
15

8
67 (kDa)
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on the trimer interface of the hexamer (colored hot pink and beige). Because 
of the presence of Mg2+ and AMP-PNP, two residues (K183 and F181) moved 
substantially. K183 interacts with D107 in the hexamer, whereas it rotates by 180° 
in the tetramer and interacts with the γ-phosphate of AMP-PNP. This explains why 
AasS with Mg and AMP-PNP bound appears as a tetramer. h, Gel filtration analyses 
for the functional roles of two residues (D107 and K183) in the maintenance of 
AasS organization. To compare the molecular weight of AasS and its mutants, 
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and Extended Data Fig. 6e–h)15. Given the chain-flipping mechanism 
that is assigned to FAS II enzymes with an acyl-ACP as substrate8,15, 
we provisionally termed this opposite process as the reversal of the 
chain-flipping mechanism. The FA-binding pocket appears as a tun-
nel featuring two open ends on the ttFACS surface49. Relative to the 
first opening that intersects with the so-called ATP path, the second 
opening occurs in the bottom of ttFACS_N domain. However, the AasS 
substrate-loading cavity is a unidirectional hole retaining a single open-
ing, equivalent to the first one of ttFACS. This is because the region 
in AasS_N corresponding to the second opening of ttFACS is consist-
ently closed across all nine AasS structures we report here (Table 1 
and Supplementary Figs. 12–15). In contrast to ttFACS that loads acyl 
substrates through its second entrance site (Supplementary Fig. 20)49, 
AasS presumably captures FAs through the only entrance (Extended 
Data Fig. 6e–l), unless an alternative or unknown entrance is formed. 
Because the ATP-binding site is also situated at the entrance to the 
hole, we anticipated that AasS can load FAs only before ATP binding.

Binding of AasS to acyl-AMP intermediates
In terms of the intermediates produced in the AasS ‘first-half’ reac-
tion, we prepared two kinds of acyl-adenylates: M-pim-AMP and oleoyl 
(C18:1)-AMP. Overall structures of the two resultant AasS and acyl-AMP 
complexes were separately refined to 2.77 Å for AasS–M-C7-AMP, and 
2.61 Å for AasS–oleoyl-AMP (Table 1 and Supplementary Figs. 11–15). 
The two structures adopt a similar architecture to apo-AasS, except 
for the residues coordinating acyl-AMP intermediates (Fig. 4a–d and 
Supplementary Fig. 20). The V-shaped acyl-AMP adenylates fit into a 
branched cavity inside the AasS_N domain (Fig. 4a,c). Clearly, the car-
bon chain of both M-pimelic and oleoyl moieties is accommodated by a 
long hydrophobic tunnel (Fig. 4a,c). Structural analyses suggested that 
both the adenine base and sugar are in a similar position to AMP-PNP 
(Figs. 2a–f and 4b–d). In particular, residue R426 that interacts with 
the β-phosphate of AMP-PNP (Fig. 2c–f) now forms a hydrogen-bond 
network with the sugar hydroxyl groups (Fig. 4b–d and Extended 
Data Fig. 6i–l). The α-phosphate is coordinated by a Mg2+ atom and 
the hydroxyl groups of S321 and T175. The Mg2+ ion is held in place by 
the negatively charged E322 (Fig. 4b–d and Extended Data Fig. 6j). The 
carbonyl group of oleoyl-AMP forms a hydrogen bond with residue 
H226 (Extended Data Fig. 6l). The first half of the oleic acid moiety is 
fixed in place by the conserved W230 (Extended Data Fig. 6k,l), which 
is equivalent to W234 of ttFACS gatekeeping FA entry (Fig. 6a–d)49. A 
similar scenario was also seen with the cavity bound by the M-pim-AMP 
intermediate.

Next, we evaluated critical roles of the residues in coordinating 
acyl-AMP intermediates. Totally, we generated 12 AasS mutants (Sup-
plementary Table 1). In addition to enzymatic assays with the recom-
binant AasS derivatives (Supplementary Fig. 21), the experiments of 
genetic complementation were integrated (Supplementary Fig. 22). 
The expression profiles of these mutants were validated by western 
blot before functional analyses (Supplementary Fig. 22a,b). Addition-
ally, we examined the in vivo roles of these residues by assaying the 
varied level of AasS-aided viabilities of ΔbioC reporter strains (Fig. 4e).  

This idea was confirmed by the fact that AasS catalyzes E-pim-ACP for-
mation, bypassing the requirement of BioC’s initial step of DTB and bio-
tin synthesis in the reconstituted system in vitro (Fig. 4f). Except for the 
K465A substitution with no detectable role, the 11 other AasS mutants 
were functionally defective (Supplementary Fig. 22c,d). In addition 
to the double and triple mutants, three single mutants (T175A, S321A 
and K522A) almost completely lost function in vitro and in vivo. Given 
that the majority of FAS II enzymes transiently interact with fatty acyl 
substrates, we were fortunate to capture the binding of E-pim to AasS 
(in the presence of cofactor ATP) in our isothermal titration calorimetry 
(ITC). The stoichiometry (n) was ~0.85, close to its theoretical value of 
1.0 (Fig. 4g). The dissociation constant (Kd) value of ~6.45 μM suggests 
a modest affinity of the AasS enzyme for E-pim substrate (Fig. 4g). Col-
lectively, characterization of the AasS and acyl-AMP intermediates offer 
insights into the catalytic mechanism for eFA recycling.

Architecture of AasS and acyl-ACP complex
As Cronan and Rock previously described with AasS and AasC 
action52,74,75, both M-pim-ACP and oleoyl-ACP substances were prepared 
here. In brief, we used AasS enzyme to ligate M-pim (and/or oleate) 
FA with holo-ACP, an activated form of ACP species. As a result, this 
generated M-pim-ACP (oleoyl-ACP) thioesters. Following the treat-
ment of isopropanol, the purified products (M-pim-ACP (~0.7 mM) 
and oleoyl-ACP (~0.2 mM)) were separately subjected to an incubation 
with AasS (~0.3 mM) and gave two complexes of AasS–M-pim-ACP and 
AasS–oleoyl-ACP accordingly. Although the reconstruction of cryo-EM 
datasets presented a relatively weak but discernable density for the 
partner ACP-Ppan–oleic acid (or ACP-Ppan–M-pim) and its byproduct 
AMP (Extended Data Figs. 6 and 7 and Supplementary Figs. 14 and 15), 
overall structures of AasS in complex with M-pim-ACP or oleoyl-ACP 
were determined at 2.53 Å and 2.70 Å, respectively. Not surprisingly, 
both of them form a ring-shaped heterohexamer with dimensions of 
160 × 170 × 80 Å3 for AasS–M-pim-ACP (Fig. 5a–d) and 160 × 180 × 80 Å3 
for AasS–C18:1-ACP (Extended Data Fig. 8a–d). Each protomer carries 
one acyl-ACP subunit, the ACP group of which is mostly bound by the 
AasS_C domain (Fig. 5a–f and Extended Data Fig. 7a–d). Our ITC assay 
determined modest affinity of AasS for its partner ACP, for which the 
stoichiometry was ~1.3 (Fig. 5g). This agreed with the structural organi-
zation of AasS complexed with two types of acyl-ACP products (Fig. 5 
and Extended Data Fig. 8). Similar to most AasS structures we solved 
(seven of eight), the C-terminal domain adopts an open conformation 
to accommodate the C18:1-ACP product (Extended Data Fig. 7)46,63,76, 
whereas, for the M-pim-ACP partner, the AasS_C domain is transformed 
into the closed conformation (Extended Data Fig. 7 and Supplemen-
tary Fig. 23)69,76,77. Indeed, the AasS_C domain in the M-pim-ACP–AasS 
complex is rotated by ~154° (Fig. 7a, Extended Data Fig. 7 and Supple-
mentary Fig. 24), as observed for 4-chlorobenzoate:CoA ligase (CBL) 
with the C-terminal domain rotated ~140° between adenylate-forming 
and thioester-forming conformations69.

In the AasS–M-pim-ACP complex, the negatively charged and 
hydrophobic residues of ACP α3 and α4 helices complement with the 
positively charged and hydrophobic surface on the AasS_C domain 

Fig. 4 | Structural and functional insights into the acyl-AMP intermediate 
formation by AasS. a, Cut-away view of the cavity of AasS occupied by the 
M-pim(C7)-AMP intermediate. b, Putative residues of AasS that coordinate 
M-pim(C7)-AMP. These residues are displayed as sticks, while yellow dashed 
lines denote hydrogen bonds. c, Enlarged view of the substrate cavity of AasS 
recognized by the oleoyl(C18:1)-AMP intermediate. d, Putative residues of  
AasS implicated into its oleoyl-AMP binding. e, The rationale for the in vivo 
assay of AasS activity with the biotin auxotrophic strain ΔbioC, growing on 
nonpermissive M9 minimal medium with E-pim as the sole carbon source.  
f, The biotin bioassay demonstrated that AasS synthesizes E-C7-ACP, bypassing 
the initial BioC-catalyzed step of malonyl-ACP methyl ester formation in vitro. 
Left: scheme for AasS-circumvented DTB and biotin synthesis reconstituted 

in vitro. The positive control denotes biotin added on a paper disc (1–6 pmol), 
whereas the negative control refers to biotin-free ΔbioC extract (~20 μl). AasS was 
used to generate E-pim-ACP. The ΔbioC extract-based reaction mixtures (from 
5 to 20 μl) were spotted on paper discs to probe whether or not DTB and biotin 
production occurred in vitro. The biotin auxotroph ER90(ΔbioF/C/D) functioned 
as a reporter strain14,82. Presence of DTB or biotin allows bacterial viability of the 
ER90 strain, displaying an insoluble red pigment precipitated around the paper 
disc through the reduction of 0.01% TTC. g, Use of ITC to probe transient binding 
of E-pim to AasS enzyme in the presence of ATP. The values of n and Kd are given 
as the means ± s.d. of three independent trials. BioF, 7-keto-8-aminopelargonic 
acid synthase; BioA, 7,8-diaminopelargonic acid synthase; BioD, dethiobiotin 
synthase; BioB, biotin synthase; DP, differential power.
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(Fig. 5b,c). Specifically, five acidic residues of ACP (E53, D56, D38, E41 
and E60) form salt bridges or hydrogen bonds with the five basic sites 
(K465, H463, K485, K492 and R502) of the AasS_C domain (Fig. 5e,f). 
Additionally, three residues (L37, V40 and M44) in ACP might interact 
with hydrophobic amino acids (W466, L506, L505 and L488) in AasS_C 

domain. The ACP–AasS_C association buries an area of ~540 Å2. As 
for the C18:1-ACP–AasS complex, the situation of AasS_C is unaltered 
and its ACP partner makes a few contacts with the AasS_C domain: (1) 
D56 and E57 interacts with K477; (2) Y71 and E53 form several hydro-
gen bonds with E478 and Q481 (Extended Data Fig. 8e,f); and (3) the 
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Fig. 5 | Probing the interplay between AasS and its acyl-ACP substrate.  
a, Surface representation of AasS–M-pim-ACP hexamer. b, Surface presentation 
for domain arrangement of one AasS in complex with M-pim-ACP. c, Structural 
snapshot for domain arrangement of one AasS–M-pim-ACP complex (b) with 
counterclockwise rotation of 180°. d, Cartoon representation of AasS–M-pim-
ACP hexamer. Each protomer of the hexameric AasS–M-pim-ACP complex 
is labeled from I to VI. e, Close-up view of an interface between AasS and its 
product M-pim-ACP. f, Enlarged view of AasS–M-pim-ACP interface (e) rotated 

180° counterclockwise. As shown in e and f, the AasS–M-pim-ACP interfaces 
are defined to comprise two kinds of interactions: (i) electrostatic (negatively 
charged residues from ACP are paired with positively charged residues from 
AasS_C domain) and (ii) hydrophobic (V40, M44 and L37 from ACP packs with 
W466, L506, L505 and L488 from AasS_C subunit; K465 also interacts with  
S36 and the Ppan moiety). g, The ITC assay for binding of AasS to its cognate  
ACP moiety. The values of n and Kd are given as the means ± s.d. of three 
independent trials.
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ACP–AasS_C association buries an area of 474 Å2 (Supplementary 
Fig. 25). The pattern of AasS–acyl-ACP interplay is similar to that of 
the BioH–M-pim-ACP complex (Supplementary Fig. 26). Unlike the 
oleoyl-ACP–AasS structure that represents a late stage after oleoyl-ACP 
conjugation, the M-pim-ACP–AasS structure suggests a more sta-
bilized conformation of the acyl-ACP product (Fig. 7). It should be 
noted that AasS treats M-pim-ACP (or oleoyl-ACP) as a product rather 
than a reactant. Upon dissociation with AasS, the fatty acyl chains are 
resequestered by the helix bundle in ACP. This proceeds through an 
allosteric mechanism called chain flipping, which benefits the efficient 
access of fatty acyl thioesters and proximal carbon atoms without any 
exposure to solvents12,15.

Because the structures of AasS in complex with its products, 
M-pim-ACP and C18:1-ACP, informed us that its C-terminal domain is 
a partner of the acyl-ACP product (Extended Data Fig. 9a,b), we hypoth-
esize that AasS_C is indispensable for AasS function. The C-terminal 
domain deletion version of AasS(ΔC) we produced was functionally 
defective in the enzymatic assays (Extended Data Fig. 9c,d). Moreover, 
the C-terminal domain’s removal disabled AasS to support growth of 
the ΔbioC strain in biotin-lacking conditions (Extended Data Fig. 9e). 
The combined data verify the essentiality of the C-terminal domain 
for AasS activity. In particular, unlike the single S434A mutant that 
was indistinguishable from the wild type (Supplementary Fig. 27), 
both the triple mutant (K485A;K492A;R502A) and the double mutant 
(K465A;W466A) were inactive (Extended Data Fig. 10a,b). This high-
lights that the aforementioned positively charged residues have syn-
ergistic roles in AasS binding acyl-ACP partners.

A gating role of W230 in AasS catalysis
As for the apo-ttFACS structure, the W234 residue is considered as a 
gatekeeper, where the indole ring is right in the middle of the FA-binding 
tunnel (Fig. 6a)49. Binding of the ligand AMP-PNP results in marked 
alteration of W234 orientation, designated as an open conformation, 
relative to that of apo-ttFACS (Fig. 6b)49. A similar scenario was seen 
with the ttFACS complexed with its intermediate C14:0-AMP adenylate, 
in which the ring nitrogen of W234 packs against the C14 moiety of 
C14:0-AMP (Fig. 6c,d). Structural comparison showed the spatial con-
flict of the closed W234 side chain with the acyl part of C14:0-AMP. 
Indeed, the W234 residue undergoes an orientation rearrangement 
characterized with the rotation of an indole ring by 55.7° around the 
Cβ–Cγ bond (Fig. 6e). This implies that the conformational reorienta-
tion of W234 from the closed state to an open state is a prerequisite 
for the loading of eFA by ttFACS49. Sequence and structure alignments 
suggested an equivalent residue W230 in AasS. Unlike the apo form of 
AasS with W230 in the closed conformation (Fig. 6f), both FA substrates 
(E-pim and oleate; Fig. 6g,h) and the intermediate acyl-adenylates 
(M-pim-AMP and C18:1-AMP) consistently resulted in the W230 gate-
keeper being orientationally rearranged into an almost-identical open 
state. The W230 residue remains in the closed conformation regard-
less of whether AasS binds ATP or its analog AMP-PNP (Fig. 6i–l). An 
open conformation of W230 was observed in AasS complexed with its 
final products M-pim-ACP and C18:1-ACP (Fig. 6m,n). Similar to that 
of ttFACS (Fig. 6e), the AasS W230 residue was measured to undergo 

conformational reorientation (Fig. 6o). This raises the possibility that 
W230 determines FA loading by AasS machinery.

The difference between ttFACS and AasS is a critical factor that 
induces the orientational alteration of the gating residue. The binding 
of ATP is considered as the factor that induces the orientation rear-
rangement of W234 in ttFACS49. However, the W230 residue remains 
conformationally unchanged in the two complexes of AasS with 
AMP-PNP (Fig. 6i) and ATP (Fig. 6j). In contrast to that of the ttFACS–
AMP-PNP complex, the γ-phosphate of AMP-PNP within AasS adopts 
an opposite conformation (Supplementary Fig. 28). The structures of 
the AasS–E-pim and AasS–C18:1 complexes unambiguously showed 
that W230 undergoes orientation rearrangement upon binding to the 
FA substrate (Fig. 6g,h). Moreover, W230 appears to pin the FA chain 
against the tunnel wall in the acyl-bound structures (Fig. 6g–n). This 
assured an advantage of AasS in stabilizing the FA substrates for cataly-
sis. Lastly, all three mutants (W230A, W230R and W230Y) we generated 
were found to be greatly ineffective with the E-pim substrate (Fig. 6p) 
and largely hampered the viability of the ΔbioC strain (Fig. 6q,r). In 
summary, AasS exploits the gating residue W230 to accommodate 
diverse FA substrates, independent of ATP binding.

Discussion
The flexibility of structural organization accounts for functional dif-
ferentiation within the AAE family45,66, in which conformational rear-
rangement is a prerequisite for AAE catalysis55,76. Before this study, it 
was known that the AAE superfamily comprises a set of structurally 
diverse members (Supplementary Fig. 29a–c). Structural organiza-
tion of AAE-type enzymes varies from monomer (such as firefly lucif-
erase47 and M. tuberculosis FadD32 (ref. 78)) to trimer (yeast acetyl-coA 
synthetase50). Supported by increasingly accumulated structures of 
AAE enzymes (for example, ttFACS49, FadD10 of M. tuberculosis65 and 
FmoA3, a nonribosomal peptide synthetase79), it seems likely that the 
dimeric form is the prevalent form of AAE enzymes (Supplementary 
Fig. 29b). Through cryo-EM study combined with biochemical analysis, 
we revealed that the versatile AasS enzyme acts as a hexamer (Fig. 1 
and Supplementary Fig. 29d), which explains the oligomeric organiza-
tion of around 330 kDa observed 30 years ago25. More importantly, we 
provide evidence for a previously unclear mechanism through which 
AasS mediates the activation and recycling of eFA25,52,62. We describe the 
complete catalytic landscape of the versatile AasS enzyme (Fig. 7). In 
brief, FAs of various length are trapped in a hydrophobic and sticky tun-
nel, ATP enters a pocket near the tunnel and the two domains (AasS_N 
and AasS_C) cooperate together during the transfer of AMP to the FA 
carboxyl group (Fig. 7). After formation of the acyl-AMP intermediate, 
AasS reverts back to a hexamer and ACP-Ppan enters from an open-
ing in the AasS_N domain, most likely captured by its complementary 
interaction with the C-terminal domain (Fig. 7 and Extended Data Fig. 7). 
AasS_C shifts ~154° and adopts the closed conformation. The acyl group 
is transferred to the Ppan moiety and produces fatty acyl-ACP and AMP. 
After product release, AasS reverts to its open conformation (Fig. 7).

To the best of current knowledge, most acyl-CoA synthetases 
(exemplified with ttFACS of T. hermophilus49, CBL69 and human ACSM2A 
(ref. 76)) invariantly display two distinct conformations. Analogous 

Fig. 6 | Functional dissection of the gating role of W230 in AasS catalysis.  
a, The closed conformation of the gating residue W234 in the apo form of 
ttFACS. b,c, The open conformation of the gate residue W234 consistently 
occurs in ttFACS bound to AMP-PNP (b) or C14:0-AMP (c). d, Structural 
superposition suggests that the gate residue W234 is conformationally altered 
upon the binding of AMP-PNP or C14:1-AMP. e, Structural superposition of 
ttFACS suggests the rotation of an indole ring of the W234 residue by 55.7°. 
f, The closed conformation of residue W230 in the apo form of AasS. g, The 
open conformation of residue W230 in AasS with E-pim liganded. h, The open 
conformation of residue W230 in AasS with oleate bound. i,j, The closed 
conformation of residue W230 invariantly appears in AasS regardless of  

AMP-PNP (i) or ATP (j) being bound. k–n, The open conformation of W230 is 
visualized in a panel of AasS complexes with M-pim-AMP (k), C18:1-AMP (l), 
M-pim-ACP (m) or C18:1-ACP (n). o, Structural alignments of AasS alone and 
its complexes show that the W230 gating residue undergoes a rotation of the 
indole ring by 89.9°. p, The impairment in enzymatic activities of the three AasS 
mutants in vitro. q, The single mutant W230A (W230R and/or W230Y) loses the 
ability of AasS to allow the growth of ΔbioC on M9 minimal agar plates with E-pim 
as the sole carbon source. r, Growth curves of the biotin auxotrophic ΔbioC 
strain carrying certain AasS mutants (W230A, W230R or W230Y) in M9 minimal 
medium with E-pim as the sole carbon source.
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to these enzymes, the AasS_C domain is capable of adopting both 
conformations (Fig. 5 and Extended Data Fig. 8). Eight of our nine AasS 
structures consistently displayed an adenylate-forming conformation, 
with the only exception referring to AasS–M-pim-ACP featuring the 
closed conformation. The closure of the AasS_C domain is critical for 
the Ppan moiety of the ACP carrier to access the active site14,78. Indeed, 
what we captured in the AasS–M-pim-ACP structure is the product 
complex (Fig. 5a–f). However, another product complex of AasS–
C18:1-ACP was in the adenylate-forming open conformation. Because 
such an open conformation lacks specific interactions between ACP 
and AasS_C, it seems likely to be a conformational state after product 
formation and before oleoyl-ACP release. Moreover, the AasS_C domain 
reverting back to the adenylate-forming apo conformation could be 
part of the product release mechanism, after which a second catalysis 
cycle should start (Fig. 7). The hydrophobic pocket in AasS is wider and 
relatively straight, which in part explains its enzymatic promiscuity62. 
The fatty acyl binding-driven major alteration in AasS lies in the rota-
tion of the W230 residue, which packs against the acyl part of FAs near 
the carboxyl end. The rotation of the W230 indole ring constitutes an 
explanation for the flexibility of AasS in the recognition of various FA 
substrates (Fig. 6 and Extended Data Fig. 6).

The substrate promiscuity of V. harveyi AasS provides the basis 
for its functional versatility62. For example, AasS can be used as a tool 
in synthetic biology for the production of different hydrocarbon spe-
cies and leveraged to gain access to previously inaccessible metabolic 
pathways62,80. Given that palmitoleic acid (C16:1, Δ9), a host unsat-
urated FA, was recently found to potentiate gentamycin killing of 
methicillin-resistant S. aureus by perturbing the bacterial membrane 
and improving antibiotic uptake81, we believe that the AasS-lacking 
pathogen Vibrio cholerae is accordingly susceptible to combination 
therapy with palmitoleic acid. Recently, Carfrae et al. showed that FAS 
II route-directed inhibition efficiently overcomes bacterial polymyxin 
resistance16. Thus, it can be assumed that bypassing the FAS II path 
through AasS-aided eFA recycling potentially challenges the renewed 
interest in resensitizing mcr-1-positive superbugs with colistin resist-
ance using FAS II-targeted antimicrobials16.
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Methods
Strains, plasmids, primers and growth conditions
All the bacterial strains used here were derivatives of E. coli MG1655 
(Supplementary Table 2). DH5α was used for gene cloning and 
BL21(DE3) was applied in protein overexpression. Strain FYJ582, 
BL21(DE3) bearing the recombinant plasmid pET28a::aasS, was sub-
jected to the production of AasS enzyme. The biotin auxotroph strain 
(ΔbioC), called STL96 (ref. 83), functioned as an indicator host to verify 
altered abilities of AasS and its derivatives in bypassing the initial 
BioC step of biotin synthesis. In this case, we created a constitutive 
expression vector, designated as pET21a-PrmpA, in which the former 
T7 strong promoter is replaced with the modest promoter (PrmpA) 
of Klebsiella pneumoniae virulence regulator rmpA84,85, in front of 
multiple cloning sites, on the basis of a pET21a backbone (Supple-
mentary Table 2). The aasS gene was introduced into pET21a-PrmpA, 
giving a recombinant version of pET21a-PrmpA::aasS dedicated to 
subsequent functional assays (Supplementary Table 2). Accordingly, 
the two aasS-harboring expression plasmids (pET28a::aasS plus 
pET21a-PrmpA::aasS) acted as templates to generate a series of AasS 
mutants, using the approach of structure-guided and site-directed 
mutagenesis. In total, 66 AasS mutants (33 per vector) were gen-
erated, which were exemplified with the substituted W230 gating 
residue, including but not limited to (1) FYJ6014 (STL96 containing 
pET21a-PrmpA::aasS(W230A)) and (2) FYJ6047 (BL21(DE3) carrying 
pET28a::aasS(W230A)). To examine the role of the AasS_C domain, 
a deletion mutant of AasS devoid of AasS_C, named AasS(ΔC), was 
engineered, producing FYJ6017 (ΔbioC/pET21a-PrmpA::aasS(ΔC)) 
and FYJ6050 (BL21(DE3)/pET28a::aasS(ΔC)). In addition to routine 
PCR detection with specific primers (Supplementary Table 3), all 
resultant plasmids were determined by Sanger DNA sequencing. The 
E. coli ΔbioC strains we developed were routinely maintained on Luria–
Bertani (LB) broth or assayed for AasS activity in the biotin-lacking M9 
minimal medium. When necessary, antibiotics were supplemented 
with 100 μg ml−1 ampicillin and 50 μg ml−1 kanamycin.

Protein expression, purification and identification
The recombinant form of AasS enzyme was prepared from a 1-L culture 
of strain FYJ582 induced with 0.3 mM IPTG at 16 °C overnight. The cell 
pellets obtained by centrifugation were washed and lysed in lysis buffer 
(50 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 mM β-mercaptoethanol and 
1 mM PMSF). As recently described by Zhang and coworkers with minor 
changes86, the clarified supernatants were loaded on Ni-NTA agarose 
(Qiagen, R90110) to capture the N-terminal 6xHis-tagged AasS protein. 
Following removal of contaminated proteins with wash buffer contain-
ing 20 mM imidazole, the protein of interest was completely eluted with 
the elution buffer of 300 mM imidazole. Then, it was exchanged with 
GF buffer (25 mM Tris-HCl pH 8.0, 150 mM NaCl and 2 mM DTT) and 
concentrated to the level of ~15 mg ml−1 before separation by SEC (AKTA 
Pure) on a Superdex 200 Increase 10/300 column (GE HealthCare). 
The AasS sample was collected from the target peak and its purity was 
validated by SDS–PAGE (12%). AasS is eluted as a hexamer. In fact, all 
the remaining 32 AasS mutants were prepared almost identically to the 
wild type. All fresh samples of AasS and its derivatives were subjected 
to cryo-EM study and enzymatic assays in vitro.

To establish the enzymatic reaction of AasS in vitro, we prepared 
the fatty acyl recipient protein, the E. coli holo-ACP, as conducted by 
Flugel and colleagues87 with little modification. In brief, strain DK574 
(that is, FYJ540 in our lab stock) that carries three plasmids (pMS421 
containing the lacIq mutation, pMR19421 with a Ptac-induced acpP 
and pJT93 producing acpS under tac promoter) was grown in LB 
medium containing 50 µg ml−1 kanamycin, 50 μg ml−1 spectinomycin 
and 10 μg ml−1 chloramphenicol)87. The bacterial culture (~1 L) with 
an optical density at 600 nm (OD600) of ~0.8 was chilled with ice and 
induced overnight with 0.1 mM IPTG at 16 °C. Next, bacterial pellets 
were resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM 

NaCl, 10 mM MgSO4 and 1 mM DTT) and subjected to lysis by a French 
press ( JN-Mini). The clarified lysates we acquired were incubated with 
1 mM CoA trilithium salt at 37 °C for 3 h, mixed with isopropanol (1:1), 
centrifuged (33,900g, 30 min) and then dialyzed in dialysis buffer 
(50 mM MES potassium salt pH 6.1 and 150 mM NaCl) at 4 °C overnight. 
Finally, the dialysis products were concentrated and then purified 
with a HiTrap capto Q column (GE HealthCare). The holo-ACP specie 
was distinguished from its apo form by the separation with a confor-
mationally sensitive gel using 0.5 M urea and 17.5% PAGE (pH 9.5) as 
recently described with activities of Pseudomonas BioH88 and three 
mycobacterial BioH isoforms89.

AUC analysis
To further confirm the solution state of AasS as a hexamer, an AUC 
experiment was conducted as earlier reported with BioQ90. In brief, 
AasS enzyme of over 95% purity was diluted to 0.8 mg ml−1 in AUC buffer 
(25 mM Tris-HCl pH 8.0 and 150 mM NaCl). The AasS sample was cen-
trifuged using an Optima AUC-A/I (Beckman Coulter) set at 129,000g 
and 20 °C. Here, a tube of AUC buffer served as the negative control. 
Data analysis was carried out using 50–100 scans with a continuous 
c(s) distribution model in SEDFIT software91, where a peak profile was 
an indicative of AasS molecular weight (~380 kDa).

Assays for AasS activity in vitro
As earlier described by Jiang and coauthors52,67, we also established a 
reaction system of AasS catalysis. In this reaction buffer composed of 
100 mM Tris-HCl pH 7.5, 10 mM MgSO4, 5 mM DTT and 10 mM ATP, two 
substrates (FAs (~0.6 mM) and holo-ACP ( ~ 75 µg ml−1)) were added in 
the presence of AasS enzyme at different levels (0, 0.15, 0.3, 0.6, 1.5, 
3.0, 4.5 and 6.0 nM). Although M-pim, a cognate substrate of BioH, 
cannot be commercially purchased, it was functionally replaced by 
the commercially available E-pim in our assays89. Thus, E-pim was 
extensively used as a surrogate substrate to finely dissect altered activi-
ties of AasS mutants. In addition to M-pim and E-pim, ten different 
FAs were included to test the promiscuity of AasS52,62, namely butyric 
acid (C4:0), hexanoic acid (C6:0), octanoic acid (C8:0), decanoic acid 
(C10:0), methyl-glutaric acid (M-C5), myristic acid (C14:0), palmitic 
acid (C16:0), stearic acid (C18:0), oleic acid (C18:1, Δ9) and linoleic acid 
(C18:2, Δ9/12). In general, the reaction mixture was kept at 37 °C for 1 h 
and the resultant acyl-ACP products were detected using a conforma-
tionally sensitive 17.5% PAGE gel (pH 9.5) containing 0.5 M urea. Using 
the software ImageJ, grayscale analyses were performed to relatively 
quantify the acyl-ACP produced from the reaction catalyzed by AasS 
and its mutants.

Liquid chromatography with tandem mass spectrometry  
(LC–MS/MS) identification of acyl-ACP
LC–MS/MS was adopted to accurately map the post-translational 
modifications of ACP with FAs of varied acyl chain lengths. As recently 
performed with BioZ and BioH actions86,89, three kinds of acyl-ACP spe-
cies (M-pim-ACP, E-pim-ACP and C18:1-ACP) from AasS reactions were 
cut from the urea gel and digested with pepsin rather than trypsin, 
giving a collection of peptide mixtures. They were loaded into the trap 
column (Thermo Fisher Scientific Easy-nLC 1000) before entry into an 
analytical column (50 μm × 15 cm, nanoViper, C18, 2 μM,100 Å). Cou-
pled with the Thermo LTQ-Orbitrap Elite Ion Trap analyzer (Thermo 
Fisher Scientific), a Fourier-transform ion cyclotron resonance mass 
analyzer enabled data collection. Using Proteome Discoverer 2.0, a 
number of MS spectra were detected, which presumably matched cer-
tain acylated ACP peptides with a reliable score. It was noted that many 
B and Y ion pairs can be generated upon peptide cleavage. In general, 
‘B’ denotes a peptide ion retaining charge at the N terminus and ‘Y’ 
refers to a fragment whose charge is retained at the C terminus. As for 
the mass spectrum, subscript B or Y represents the order of residues 
in the peptide fragment. The acyl-modified serine residue of interest 
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was determined by comparing the calculated mass with its theoretical 
mass within one error value.

Assays for bypass of AasS in biotin synthesis
The principle of examining AasS function relied on two criteria: (1) the 
E. coli ΔbioC mutant is a biotin auxotroph, which cannot appear in non-
permissive conditions without supplementation of exogenous biotin, 
and (2) AasS channels exogenous M(E)-pim FAs to holo-ACP and gener-
ates M(E)-pim-ACP, a cognate biotin precursor, bypassing the genetic 
requirement of the primary BioC step70. In total, 32 AasS mutants car-
ried by the constitutive vector pET21a-PrmpA were assayed for their 
abilities to confer varied viability of the ΔbioC reporter strains on M9 
minimal medium lacking biotin. In addition to routine streaking on M9 
agar plates, growth curves were plotted for 22 h using a spectrometer 
(SPECTROstar Nano). Wild-type AasS was used as a positive control. 
Before data interpretation, all individual colonies bearing aasS or its 
derivatives were determined using western blot with a mouse anti-6x 
His primary antibody to the C-terminal 6xHis-fused AasS mutants. 
The primary anti-6x His TAG monoclonal antibody (HIS.H8) was used 
at a dilution of 1:8,000, while the secondary antibody, horseradish 
peroxidase-conjugated Affini Pure goat anti-mouse IgG (H + L), was 
used at a dilution of 1:5,000. On the basis of the cell-free ΔbioC crude 
extract92, the presence of AasS was also found to allow the in vitro 
reconstituted system of DTB and biotin synthesis, which is similar to 
BioH (and its isoform BioJ82,93)70,88,89.

ITC-based measurement
To capture the transient interplay between AasS enzyme and its two 
substrates (E-pim FA and the acyl recipient holo-ACP), ITC experi-
ments were routinely conducted with a microcalorimeter (MicroCal 
PEAQ-ITC). As previously described with the E. coli FadR94 with little 
improvement, a total of 19 titrations with an internal time of 150 s were 
carried out in the volume of 2 μl at 25 °C. The pioneering trials informed 
us that the E-pim substrate could not be detected to bind AasS alone 
in our ITC systems without the addition of ATP cofactor. Therefore, 
before E-pim titration, AasS enzyme (40 μM) was saturated with its 
ATP cofactor (120 μM) in the cell. The level of E-pim was 600 μM in the 
syringe. The titration buffer consisted of 150 mM NaCl, 25 mM Tris-HCl 
pH 8.0, 2 mM DTT and 3 mM MgCl2. Similarly, the holo-ACP (400 μM) 
in the syringe was titrated against AasS enzyme (40 μM) in the cell. 
The stoichiometry (n) and dissociation constant (Kd) were measured 
on the basis of the plotted titration data using a model for one set of 
sites provided by the MicroCal PEAQ-ITC software. As a result, the final 
output was presented as the average ±s.d. from three independent 
experiments86.

Negative-staining analysis
In addition to AasS alone, eight AasS complexes were prepared for 
the analyses of negative staining: (1) two cofactor-bound AasS com-
plexes (ATP and AMP-PNP); (2) two FA-liganded AasS complexes (E-pim 
and C18:1); (3) two AasS-bound adenylate intermediates (M-pim-AMP 
and C18:1-AMP); and (4) two AasS complexes with final products 
(M-pim-ACP and C18:1-ACP). The protein samples were separately 
loaded onto a glow-discharged carbon grid (200 mesh) and stained 
with 2% uranyl acetate (Acmec, U25690). The prepared grids were 
routinely examined using a transmission EM instrument operated at 
120 kV (Tecnai G2 Spirit, Thermo Fisher Scientific), and then qualified 
AasS samples were subjected to further quantification and classifica-
tion analysis.

Cryo-EM sample preparation and data collection
In total, 9 cryo-EM samples were prepared here. As for apo-AasS, an 
aliquot of 3.0 μl AasS (~20 mg ml−1) mixed with 2 mM Fos-choline 8 was 
applied to a glow-discharged holey carbon grid (Quantifoil R1.2/1.3, 
Au, 300 mesh). After a 15-s interval, the grid was blotted for 3.5 s at a 

humidity of 100% and 22 °C and then plunge-frozen in liquid ethane 
with a Vitrobot (Thermo Fisher Scientific). It was noted that the recon-
stitution of different AasS complexes varied dramatically. To generate 
the ATP-liganded complex, AasS (~0.3 mM) was incubated with 1.5 mM 
ATP for 30 min at 25 °C before cryo-EM sample production. The other 
cofactor complex with AMP-PNP, a nonhydrolyzable ATP analog, was 
obtained through the incubation of 0.35 mM AasS with 5 mM AMP-PNP 
and 2 mM MgCl2 for 15 min at 25 °C. Unlike the substrate E-pim complex 
that was generated by mixing 0.154 mM AasS protein with ~300 mM 
E-pim, the oleate complex was prepared through a 2-h incubation 
of 0.3 mM AasS with ~1.5 mM oleate at 4 °C. The two adenylate com-
plexes were acquired by incubating 0.25 mM AasS protein with ~0.6 mM 
M-pim-AMP (and/or ~0.3 mM oleoyl-AMP) for 2 h at 4 °C. Similarly, the 
two final product-occupied complexes were produced from 0.3 mM 
AasS protein incubated with ~0.75 mM M-pim-ACP (and/or ~0.2 mM 
oleoyl-ACP) for 30 min at 25 °C.

Except for the E-pim-bound AasS complex, the eight other cryo-EM 
samples were imaged using a Titan Krios EM instrument (Thermo 
Fisher Scientific) operated at 300 kV and equipped with a K2 Summit 
electron counting direct detection camera (Gatan). Before automated 
data acquisition by Serial EM software95, the microscope was adjusted 
accordingly, especially the coma-free alignment to minimize beam 
tilt. All cryo-EM images were obtained in counting mode at a nominal 
magnification of ×29,000, equivalent to a calibrated physical pixel 
size of 1.014 Å. Defocus was set between −1.5 and −2.5 μm. Each image 
was recorded at an exposure time of 10 s and dose-fractionated into  
40 frames with a dose rate of ~8 counts per second per pixel.

The cryo-EM sample of E-pim-liganded AasS was imaged using a 
Titan Krios EM instrument coupled with a Falcon4 detector operating 
at 241 frames per second and a Selectris energy filter. The data were 
automatically collected with EPU software96 in place of Serial EM soft-
ware95. All cryo-EM images were obtained at a nominal magnification of 
×130,000 (corresponding to a calibrated physical pixel size of 0.93 Å). 
A total dose of 52 e− per Å2 with 6-s exposure time was fractionated into 
1,442 frames, resulting in a total of 5,381 videos. The defocus parameter 
was set between −0.6 and −1.5 μm.

Cryo-EM image processing
The beam-induced motion correction of image stacks was carried out 
using MotionCor97, generating a series of average micrographs. The 
contrast transfer function (CTF) parameters of these micrographs were 
determined with a graphics-processing-unit-accelerated computer pro-
gram for accurate estimation of the CTF, termed Gctf98. Data processing 
and optimization proceeded using cryoSPARC99. For the apo-AasS 
structure, 454,799 of 772,681 particles were selected for 2D classifica-
tion and then 213,572 particles were used for three-dimensional (3D) 
refinement. The reported map with 2.68-Å resolution was given after 
postprocessing with a B factor of −114 Å2. D3 symmetry was applied at 
this step of processing. The overall resolutions were calculated on the 
basis of the gold-standard Fourier shell correlation (FSC) = 0.143 crite-
rion. Unlike the ATP-liganded AasS complex whose 3D refinement relied 
on 419,290 of 1,768,321 particles, the analog AMP-PNP complex (appear-
ing as a tetramer rather than a hexamer) was dependent on 282,818 of 
1,065,909 particles for D2 symmetry analysis and 3D classification. 
As a result, the ATP complex cryo-EM was refined to global resolution 
of 2.41 Å at an FSC of 0.143, whereas the AMP-PNP complex structure 
resolution was determined at 2.68 Å with a B factor of −77 Å2. Similarly, 
510,518 of 2,109,216 particles were automatically picked for 3D refine-
ment of E-pim substrate-bound AasS complex, producing a map of 
a 2.15-Å resolution with a B factor of −84 Å2. For the other substrate 
C18:1-complexed AasS, 217,323 of 968,887 particles were subjected 
to 3D refinement. This yielded a map at an overall resolution of 2.75 Å 
with a B factor of −92 Å2. The two adenylate complexes referred to the 
M-pim-AMP form at 2.76 Å with a B factor of −114 Å2, for which 3D refine-
ment was based on 199,919 of 905,237 particles, and the C18:1-AMP 
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pattern at 2.59 Å with a B factor of −113 Å2, whose 3D refinement exclu-
sively arose from 397,987 of 799,666 particle projections. Additionally, 
two final product complexes included the M-pim-ACP-bound type at 
2.51 Å with a B factor of −85 Å2, for which 247,748 of 2,481,529 particles 
allowed the 3D refinement, and the C18:1-ACP-occupied form at 2.63 Å 
with a B factor of −108 Å2, whose 3D refinement proceeded on 299,233 
of 1,540,255 particle projections. Detailed statistics on cryo-EM data 
processing are available in Table 1.

Model building and refinement
The cryo-EM map of AasS at 2.68 Å enabled us to build its initial model 
using PHENIX100. The crystal structure of the long-chain fatty acyl-CoA 
synthetase dimer from T. thermophilus, abbreviated as ttFACS (Protein 
Data Bank (PDB) 1V25)49, was superimposed onto the initial model to 
produce the entire AasS model in Coot101. Following side-chain assign-
ments, the entire AasS structure was manually adjusted and finely 
refined with phenix.real_space_refine. Then, the apo-AasS structure 
we obtained acted as a starting model for solving a series of AasS com-
plexes with six ligands: ATP (2.45 Å), AMP-PNP (2.68 Å), E-pim (2.17 Å), 
C18:1 (2.79 Å), M-pim-AMP (2.77 Å) and oleoyl-AMP (2.61 Å). The densi-
ties of relevant ligands were detected from individual cryo-EM maps. 
Among them, three sets of structural maps were consistently detected 
to contain a magnesium ion. Accordingly, both ligands and Mg2+ were 
manually fitted in Coot101, which was followed by the refinement with 
phenix.real_space_refine. As for the two final product complexes 
(AasS–M-pim-ACP and AasS–C18:1-ACP), the model of acyl-ACP moie-
ties was built according to a crystal structure of FabZ complexed with 
holo-ACP (PDB 4ZJB)9, for which the local density map was manually 
fitted using UCSF Chimera102. The overall complex models were appro-
priately adjusted and refined with PHENIX100. Because of the relative 
flexibility of the C-terminal domain (AasS_C) in most AasS structures, 
they were built on the basis of the stable AasS_C configuration arising 
from AasS-bound AMP-PNP. The statistics on cryo-EM data collection 
and refinement are listed in Table 1 and all related structures were 
generated using UCSF Chimera and PyMol.

Statistics and reproducibility
All genetic and enzymatic experiments were performed at least three 
times. In addition to gel filtration, the AasS samples of cryo-EM were 
prepared in three replicates. In addition to a representative graph (for 
example, bacterial viability, western blot and urea gel) that was given 
as appropriate, the other data (for example, growth curves and ITC 
stoichiometry) were presented as the mean values ± s.d. from three 
independent experiments. The f(x) formula used to measure the s.d. 
value was implemented through STDEV.S in Microsoft Excel.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The refined coordinates and maps of the nine AasS structures in 
this study were deposited in the PDB and EM Data Bank with the fol-
lowing accession codes: PDB 8HZX and EMD-35091 for native AasS, 
PDB 8I3I and EMD-35153 for AasS bound by AMP-PNP, PDB 8I49 and 
EMD-35165 for the AasS–ATP complex, PDB 8I22 and EMD-35129 for 
E-pim-bound AasS, PDB 8I35 and EMD-35144 for C18:1-liganded AasS, 
PDB 8I51 and EMD-35190 for AasS complexed with M-pim-AMP, PDB 
8I6M and EMD-35200 for AasS occupied by M-pim-AMP, PDB 8I8D and 
EMD-35248 for AasS–AMP-C18:1 and PDB 8I8E and EMD-35249 for the 
AasS–M-pim-ACP complex. All data needed to evaluate the conclu-
sions in this paper are present in the paper and/or Supplementary 
Information. All E. coli strains expressing recombinant AasS and/or 
its mutants can be provided by Zhejiang University pending scientific 
review and a completed material transfer agreement. Requests for 

strains and plasmids should be submitted to Y.F. (fengyj@zju.edu.
cn). Source data are provided with this paper.
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Extended Data Fig. 1 | Image-processing flowchart for AasS enzyme. a. Typical 
cryo-EM microscope images of AasS protein. b. Selected two-dimensional class 
averages of cryo-EM images of AasS particle. c. Scheme of three-dimensional 
classification, refinement and local refinement of cryo-EM particle images and 

the final 3D reconstitution of AasS at 2.68 Å. d. Gold-standard FSC curves of the 
final cryo-EM maps of AasS. e. Local resolution of apo-AasS in hexamer. f. Particle 
orientation distribution of apo AasS enzyme. Abbreviations: cryo-EM, Cryogenic 
electron microscopy.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Negative-staining analyses and 2D classification of AasS 
enzyme in diverse forms. a. Negative-staining analyses of AasS alone and its 
7 kinds of complexes. As for the preparation of the negative-staining samples, 
AasS (0.02 mg/ml) protein was used. The seven AasS complexes are composed of 
three binary complexes that contains (i) ATP (5 mM), (ii) AMP-PNP (5 mM) & (iii) 
MgCl2 (10 mM)], and four tertiary complexes including (i) ATP (1.5 mM)/MgCl2 
(4 mM), (ii) AMP-PNP (1.5 mM)/MgCl2 (4 mM), (iii) ATP (5 mM)/MgCl2 (10 mM) & 
(iv) AMP-PNP (5 mM)/MgCl2 (10 mM). The AasS hexamer is indicated with a blue 
hexagon, and its tetramer is showed with a red square. The presence of MgCl2 
and ATP (and/or its analogue AMP-PNP) renders AasS enzyme to form tetramer 
as an intermediate state, along with its stable state of hexamer. b. Negative stain 
comparison suggested that AMP-PNP, a nonhydrolyzable ATP surrogate triggers 
conversion of AasS tetramer from its hexamer regardless of E-pimelic acid. As 

shown in negative staining (Panel Left), AasS appears as hexamer (indicated 
with a blue square) in the presence of E-pimelic acid. Notably, negative stain 
analysis unveiled that AMP-PNP enables the conversion of AasS from hexamer 
to tetramer (highlighted with a yellow square, Panel Right) even when E-pimelic 
acid is present. c. Contrasting 2D classification of the apo-AasS with its ATP/
AMP-PNP (and/or MgCl2)-liganded forms. 2D classification allowed the detection 
of 71,877 hexamer particles in the sample of AasS alone. By contrast, the co-
occurrence of ATP (and/or AMP-PNP) and MgCl2 enables that AasS tetrameric 
form, the presumable intermediate, largely accumulates accompanying the 
stable hexamer. Namely, the ratio of AasS particles (tetramer: hexamer) denotes 
(i) 7910: 5193 [ATP (1.5 mM)/MgCl2 (4 mM)], (ii) 20742: 13797 [AMP-PNP (1.5 mM)/
MgCl2 (4 mM)], and (iii) 9553: 5908 [AMP-PNP (5 mM)/MgCl2 (10 mM)].
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Image-processing flowchart for AasS enzyme liganded 
with the ATP analogue, AMP-PNP. a. Representatives for cryo-EM microscope 
images of AasS complexed with AMP-PNP. b. Selected two-dimensional class 
averages of cryo-EM images of AasS/AMP-PNP complex particle. c. Scheme of 
three-dimensional classification, refinement and local refinement of cryo-EM 
particle images and the final 3D reconstitution of AasS/AMP-PNP complex at 
2.68 Å. d. The FSC curve of the final cryo-EM maps of AasS/AMP-PNP. e. Local 

resolution of the tetrameric AasS liganded with AMP-PNP. f. Particle orientation 
distribution of AasS liganded with the analog AMP-PNP. Notably, slight density 
distortion has been observed for the outer regions of C-terminal domain due to 
the misalignment stemming from the flexibility of the C-terminal domain. The 
density for most of the tetramer and the AMP-PNP-Mg2+ is quite clear as shown in 
Supplementary Figs. 12, 14b and 15b.
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Extended Data Fig. 4 | Structural comparison of AasS and ttFACS in different 
conformations. Ribbon representation (a) and surface structure (b) of the 
monomeric form of apo-ttFACS. Ribbon structure (c) and surface illustration 
(d) for AMP-PNP-liganded ttFACS. The apo-ttFACS structure suggested that 
the C-terminal domain (colored hot-pink, in panels a & b) appears in open 
conformation. By contrast, it displays closed conformation (colored golden, in 
panels c & d), upon its binding to AMP-PNP, an ATP analogue. Ribbon diagram 

(e) and surface structure (f) of AasS/AMP-PNP complex. Unlike the scenarios 
seen with ttFACS/AMP-PNP complex, the C-terminal domain of AasS remains in 
open conformation (colored marine blue), albeit /despite of the AMP-PNP. The 
presence of Mg2+ ion is denoted with the symbol of ‘w/ Mg2+’ (panels c-f). g-h. 
Structural superposition of apo-ttFACS, ttFACS/AMP-PNP, and AasS/AMP-PNP. 
The N-terminal domains from the two ttFACS conformations and AasS/AMP-PNP 
complex are colored white.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Structural insight into the contacts of ATP/AMP-PNP 
with AasS and its comparison with ttFACS. Comparative analyses for polar 
contacts of the ATP analogue, AMP-PNP with AasS (a) and ttFACS (b). The 
residues of AasS (and/or ttFACS) surrounding AMP-PNP are shown with colorful 
sticks. As for AasS, the eight residues at N-terminus are colored marine blue 
(namely T175, T178, T179, K183, A298, G317, S321, and D411), and the only one 
(R426) located at L motif is labelled golden (in panel a). In the case of ttFACS, two 
C-terminal residues (K439 and W444, in cyan) are proposed, in addition to six 
ones at N-terminus (V231, W234, G302, G323, T327, and D418, in marine blue) and 
a single one on L loop (K435, in golden). AMP-PNP exhibits direct contact with the 
C-terminal domain of ttFACS (in panel b), whereas not in the case of AasS (in panel 
a). This direct interaction is presumed to benefit closing C-domain of ttFACS.  
c. Structural snapshot of Loop (174-184) in apo-AasS. Conformations of Loop 
(174-184) in AasS enzymes complexed with AMP-PNP (d) and M-pim-AMP (e).  

Two residues (G180 and F181, indicated with sticks) are believed to participate 
in the hydrophobic interaction on the trimer interface of AasS hexamer. 
f. Structural comparison of AasS with and without ligands suggested the 
conformational flexibility of Loop (174-184). Clearly, Loop (174-184) undergoes 
certain conformational transition/alternation upon AMP-PNP binding, and 
the altered conformation can be restored following the formation of M-pim-
AMP from ATP and M-pimelate. g. A glimpse of Loop (174-184) having polar 
contacts with AMP-PNP via its four residues (T175, T178, T179, and K183). h. Polar 
contacts of T178 with R426 in L motif domain and near-end K526 at C-terminus. 
Conformational alteration of N-terminal Loop (174-184) of AasS is undergone 
upon AMP-PNP binding. As such, the AasS polymer forms, featuring with 
C-terminal domain closed. However, in the case of ttFACS, AMP-PNP directly 
binds to and thereby closes C-terminal domain. The presence of MgCl2 is shown 
with ‘w/ MgCl2’ (panels a-b, d & g-h).
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Extended Data Fig. 6 | Contrasting the bindings of AasS to diverse substrates/
intermediates. a-b. ATP-binding cavity of AasS and its relevant /neighboring 
residues. c-d. The tunnel and residues of AasS occupied with AMP-PNP, a 
nonhydrolyzable ATP analogue The absence of MgCl2 is given with ‘w/o MgCl2’ 
(panels a-b), and its presence is shown with ‘w/ MgCl2’ (panels c-d). e-f. Cut-away 
view of AasS binding E-pim substrate. g-h. Structural analyses of AasS interaction 

with E-C18:1 substrate. i-j. A structural glimpse of AasS occupied with M-pim-AMP 
intermediate. k-l. Structural snapshot for the occupancy of AasS by its C18:1-AMP 
intermediate. m-n. Structural insights in the ligand cavity of AasS with the two 
products M-pim-ACP and AMP. o-p. Structural presentation of the binding of 
AasS to its two products C18:1-ACP and AMP.
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Extended Data Fig. 7 | Structural analysis of AasS complexed with two acyl-
ACP products (M-pim-ACP and C18:1-ACP) in the presence of AMP. a. Ribbon 
representation of the AMP-bound AasS complexed with M-pim-ACP. b. An 
enlarged view of the bound AMP and Ppan-M-pim ligands. c. Ribbon structure of 
AasS/C18:1-ACP complex in the presence of AMP. d. Expanded view of the bound 
ligands of AMP and Ppan-C18:1. AasS is colored magenta, and ACP is colored gold. 

AMP and Ppan-M-pim are displayed as sticks, in which AMP is colored blue, Ppan 
is in teal and M-pim (or C18:1) is shown in yellow. The green mesh is the ligand 
electron density map, which is contoured at 0.427V/3.95rmsd for Ppan-M-pim 
(panel b), and 0.307V/2.80rmsd for Ppan-C18:1 (panel d). Designations: Ppan, 
Phosphopantetheine; Ppan-M-pim, Ppan-linked methyl pimelic acid; Ppan-C18:1, 
Ppan-tethered oleic acid.
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Extended Data Fig. 8 | Structural elucidation of C18:1-ACP binding interface 
on AasS. a. Surface representation of AasS/C18:1-ACP hexamer. b-c. Domain 
arrangement of each AasS/C18:1-ACP complex. AasS_N domains are colored 
in beige and hot-pink, AasS_C domains are colored in light-green and purple, 

and C18:1-ACP molecules are colored cyan. d. Ribbon representation of AasS/
C18:1-ACP hexamer. e-f. Close-up view of AasS/C18:1-ACP interface that is mostly 
composed of electrostatic interaction and/or hydrogen bond network. Here, 
α-helices are displayed as cylinders.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | The importance of C-domain in AasS action. a. Linear 
diagram for AasS and its deletion mutant, AasS(ΔC, 1-430). AasS is composed 
of a N-terminal domain (1-424 aa) and a C-terminal domain (431-533 aa), and 
the two domains are connected by L linker, a short 6-residue loop (425-430 
aa). AasS(ΔC, 1-430), thereafter called AasS(ΔC), refers to the deletion mutant 
of AasS that retains the N-domain and its adjacent linker, but lacks a full 
C-terminal domain(431-533 aa). The sequences of L linker separately denote 
‘D425R426V427K428D429M430’ for AasS, and ‘D432R433L434K435D436L437’ for ttFACS.  
b. Ribbon presentation of AasS structure highlighting the two separated 
domains. The N-domain is colored yellow, the C-domain is indicated with green, 
and L linker is shown in magenta. c. Use of gel filtration to analyze the truncated 
version of AasS, AasS(ΔC). A Superdex 200 increase column was applied to carry 
out size exclusion chromatography, and the inset gel of SDS-PAGE (12%) verified 
identity and purity of the resultant AasS and its derivative. d. Unlike the wild-
type AasS, the AasS(ΔC) mutant lose the in vitro activity of ligating of holo-ACP 

species with mono-ethyl pimelate. Conformationally-sensitive native gel [0.5 
M Urea/17.5% PAGE(pH 9.5)] was applied to differentiate the E-pim-ACP product 
synthesized by AasS from its reactant of holo-ACP. The symbol of minus ‘–’ on 
the top of native gel denotes no addition of AasS [or AasS(ΔC)] enzyme, whereas 
the triangle on the right hand refers to varied enzymatic level ranging from 1.5, 
3.0, 6.0, 15.0, 30.0, to 60.0 nM. e. The removal of C-domain from AasS impairs 
its ability to allow growth of the ΔbioC biotin auxotrophic strain of E. coli on the 
non-permissive condition of minimal medium M9 with mono-ethyl pimelate as 
the sole carbon source. Apart from growth curves, the occurrence of the ΔbioC 
biotin auxotroph on M9 agar plates was determined as described in Fig. 4. Prior 
to the functional analyses, Western blot was conducted to verify expression 
of the truncated mutant, AasS(ΔC) in the ΔbioC recipient strain (inside gel). 
Designations: N, N terminus; C, C terminus; ml, milli-liter; ACP, acyl carrier 
protein; E-pim-ACP, mono-ethyl pimeloyl ACP; OD600, optical density at the 
wave length of 600 nm.

http://www.nature.com/nsmb


Nature Structural & Molecular Biology

Article https://doi.org/10.1038/s41594-024-01464-7

Extended Data Fig. 10 | Structure-guided functional analyses of the  
ACP-binding interface on the AasS enzyme. a. The in vitro enzymatic assays  
for AasS/M-pim-ACP interface. Four mutants of AasS protein were prepared  
and tested here, including two single mutants (W466A and L505E), and a  
double mutant (K465A/W466A), a triple mutant (K485A/K492A/R502A).  
b. The maintenance of AasS/M-pim-ACP interface is critical for AasS activity  

in vivo. Apart from growth curves, bacterial viability of the ΔbioC biotin 
auxotroph on M9 agar plates was determined as described in Fig. 5. Four mutants 
were subjected to Western blot analysis prior to the functional determination. 
In comparison to L505E having a minor role, W466A and K465A/W466A impairs 
greatly AasS activity. The loss of function is assigned to the triple mutant of 
AasS(K485A/K492A/R502A).
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